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Abstract A new approach is suggested for delineating the struc- 
tural and functional amino acid residues in proteins with known 
three-dimensional structure, basing on the involvement of residues 
in intramolecular hydrophobic and hydrophilic interactions and 
additional information about the conservativity of the residues. 
The approach is applied to the families of homologous neurotox- 
ins and cardiotoxins. The results obtained concerning the role of 
amino acid residues in both families of toxins accord well with the 
similarity of their fold, but different mechanisms of action. Cur- 
rent approach can be used for detailed characterization of protein 
spatial structures, as well as for rational protein engineering. 
Key words: Hydrophobic interactions; Protein structure; 
Neurotoxin; Cardiotoxin 
1. Introduction 
Once the spatial structure of a protein is known, two major 
questions arise: how it works, and what should be done to 
change its activity, stability and/or specificity in the desired 
direction. The usual way is to introduce mutation(s) to see the 
resulting changes. Obviously, such approach is time and re- 
sources consuming unless there is some initial guess about the 
role of particular amino acid residues in structure under consid- 
eration. In principle, an amino acid residue may be important 
for holding of the specific spatial structure, or for its specific 
activity (usually binding with other molecules). Thus some res- 
idues form a frame, on which the other residues are disposed 
in proper alignment for effective binding with the other mole- 
cule (or at least, for initial binding with subsequent conforma- 
tional changes). Some residues, of course, can play structural 
and functional roles simultaneously. The mutation(s) of amino 
acid residue(s) changing activity of the molecule can also 
change its spatial structure (see, for example, [1]), which is not 
always desirable. That is why the method, which will delineate 
amino acid residues important for structure holding, and those 
important for specific activity of the molecule, can be very 
helpful both for rational protein engineering and for under- 
standing the basic mechanisms of protein action. 
It is now accepted that both protein folding and protein- 
protein recognition are mainly governed by hydrophobic, elec- 
trostatic interactions and hydrogen bonds [2-5]. Involvement 
of amino acid residues in electrostatic nteractions and hydro- 
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gen bonds can be estimated using well-developed techniques, 
while quantitative evaluation of hydrophobic interactions be- 
tween amino acid residues remains difficult due to the lack of 
adequate theory of the hydrophobic effect. 'Structural' role of 
glycines or prolines can be recognized from simple geometrical 
reasoning as these residues have, respectively, less or more 
steric restraints for and angles. To search for the 'structural' 
residues, recently the method of identifying the hydrophobic 
cores in the proteins with known spatial structure was described 
[6]. It is clear however that some residues important for struc- 
ture holding may be situated outside the hydrophobic core. The 
methods for prediction of 'active sites' and antigenic determi- 
nants of proteins are mainly based on primary structure analy- 
sis (for example, [7,8]) and qualitative description of amino acid 
residues as hydrophobic or hydrophilic. Some methods use 
amino acid sequences available for protein families to reveal 
'functional' amino acid residues (for example, [9]). The infor- 
mation about spatial structure oftenly is not taken into the 
consideration. 
In the present paper we propose amethod, which on the basis 
of precise spatial structure of a protein and usually available 
information about its conserved residues (within the family of 
homologous sequences), enables to delineate 'structural' resi- 
dues important for maintenance of a spatial fold, 'functional' 
residues, which can be involved in binding with other mole- 
cules, but are not important for structure holding, and 'versa- 
tile' residues important for structure holding, but which can be 
also involved in binding with other molecules. The method is 
based on the analysis of the hydrophobic and hydrophilic on- 
tacts between amino acid residues in protein molecules with the 
help of molecular hydrophobicity potential (MHP). Previously, 
MHP has been successfully applied to characterize spatial po- 
larity properties of globular [10,11] and membrane proteins 
[12-14]. 
As the check and illustration of the proposed method, spatial 
structures of proteins belonging to two homologous families of 
short postsynaptic neurotoxins and cardiotoxins (cytotoxins) 
are analyzed. It is well known, that neurotoxins and cardiotox- 
ins share similar folds (three extended loops, formed by fl- 
structures), but reveal different mechanisms of action. Neuro- 
toxins bind to the nicotinic acetylcholine receptor with very 
high affinities and block postsynaptic neurotransmission. Car- 
diotoxins exert a variety of actions on different cells causing 
cytotoxicity, depolarization of membranes of excitable cells, 
muscle contraction and hemolysis, suggesting that these toxins 
act by perturbing of cell membranes ( ee review [15]). Still the 
mode of action of cardiotoxins is poorly understood at the 
molecular level. That is why it is interesting to delineate resi- 
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dues in both  types of toxins responsible for maintenance of the 
common fold, those, governing the specificity of each family, 
and to identify residues defining moderate differences in toxin 
action within the families. 
2. Materials and methods 
The atomic coordinates of neurotoxin II from Naja naja oxiana 
(NTII) were taken from [16,17]. Atomic coordinates oftoxin from Naja 
nigricollis (1NEA) [18], a-neurotoxin from the Dendroaspis polylepis 
polylepis (1NTX) [19], erabutoxin b from Laticauda semifasciata in
crystal (3EBX) [20] and in solution (1FRA) [21], cardiotoxin V4 from 
Naja mossambica mossambica (1CDT) [22], cardiotoxin CTXIIB from 
Naja mossambica mossambica (2CCX) [23], cardiotoxin y from Naja 
nigricollis (1TGX) and cardiotoxin V from Naja naja atra (1CVO) [24] 
were taken from the Brookhaven Protein Data Bank (PDB) [25]. 
The values of MHP~, created by the side chain atoms of amino acid 
residue i (source residue) in geometrical center of the side chain of 
residuej (target residue, i~j) were calculated according to the formula: 
N 
MHP~ = ~=,fk.exp(- rkj ) 
wherefk is the hydrophobicity constant of atom k belonging to the side 
chain of residue i, and r~j is the distance (in ]~) between the geometrical 
center of the side chain of residue j and atom k. N is the number of side 
chain atoms in residue i. In the current study we were mainly interested 
in interactions, pecific for an amino acid residue, so we did not con- 
sider contribution from the backbone atoms to MHP. The atomic 
hydrophobicity constants fe, evaluated basing on the octanol-water 
partition coefficients of numerous chemical compounds, were taken 
from [26]. In the case when several models of a toxin were presented 
in the PDB entry, MHP contact maps for all models were calculated, 
and then averaged map was further considered. 
The contact between the two amino acid residues was considered as 
hydrophobic if both MHPa 0.0001 and MHPji >-0.0001 (in other 
words, this contact corresponds topositive peaks symmetric across the 
diagonal on the MHP map). The contact was considered to be hydro- 
philic if both MHP~ -0.0001 and MHPj~ -0.0001. The contact was 
named 'unfavourable' if MHP~ and MHP1~ differed in sign, but their 
absolute values were greater than or equal to 0.0001. 
The contribution of residue i in structure holding was calculated as: 
Cp~o~ =~ MHP,~ x MHPj, if MHP~, MHPje -> 0.0001 
Cphil = 3~ MHP 0 x MHPji, if MHP0-, MHPj~ -< - 0.0001 
{ (MHPo × MHPj~) < 0 
Cu~fav = ~ MHP 0 × MHPj~, if IMHP~I-> 0.0001 
IMHP~il-> 0.0001 
for hydrophobic, hydrophilic and unfavourable contributions, respec- 
tively. 
The residue i was considered to be involved in structure holding 
(residue type 'S') via hydrophobic or hydrophilic interactions if C ~pho~ 
2.0 × 10 -~ or C~vh~l 2.5 × 10 -5, respectively (the cutoffs were chosen arbi- 
trary to keep balance between the number of 'structural' and 'func- 
tional' residues). The residue was considered to be 'functional' (residue 
type 'F') if it was conserved in a family of proteins with a similar 
function, but it was not of type 'S'. The residue was considered to be 
'versatile' (residue type 'V') if it belonged to a partially solvent-exposed 
hydrophobic cluster (i.e. its Cphob 2.0 X 10 -4, the number ofhydrophobic 
contacts for the residue was 60% of the maximal number of hydropho- 
bic contacts per residue for this protein, and accessible surface area of 
2 such residue was greater than 20 A ). Sequence alignment was adopted 
from [15] with minor changes. 
All the calculations of MHP, accessible surface areas (according to 
[27]), as well as automatic assignment of residues to one of three types 
(S, F or V) were done using the home-build program EXPO. 
3. Results and discussion 
Preliminary analysis of 9 spatial structures of neurotoxins 
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Fig. 1. MHP contact maps for NTII and 2CCX. Hydrophobic and 
hydrophilic contacts between side chains of amino acid residues are 
shown by black squares and triangles, respectively. Unfavourable con- 
tacts are labelled with '+' and '- '  for positive and negative MHP, 
respectively. Conservative residues are marked with arrows. 
and cardiotoxins revealed that small number  of conserved ion 
pairs and hydrogen bonds, involving side chains of amino acid 
residues, cannot  explain similarity of their folding. To identify 
the other sources of folding similarities, MHP contact maps 
were calculated (see section 2) for 5 structures of neurotoxins 
and 4 structures of cardiotoxins. The representative MHP con- 
tact maps for neurotoxin NTI I  and cardiotoxin CTXI IB are 
shown in Fig. 1. The maps delineate hydrophobic and hydro- 
philic as well as unfavourable contacts (see section 2) in the 
molecules. It can be seen that each side chain can form simul- 
taneously both hydrophobic and hydrophil ic ontacts with the 
other amino acid residues. This illustrates that MHP approach 
provides much more detailed picture of hydrophobic and hy- 
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Fig. 2. Contributions ofamino acid residues of NTII and 2CCX to the 
overall hydrophobic (Cphob), hydrophilic (Cphil) and unfavourable 
(C,,rav) intramolecular interactions. Circles and triangles correspond to
NTII and 2CCX residues, respectively. Filled symbols correspond to 
conserved residues. Amino acid residues above the cutoff values (hori- 
zontal broken lines in Cphob and Cphil plots) are considered as 'struc- 
tural'. Amino acid sequences of NTII and 2CCX are shown above the 
plots. 
drophilic interactions then widely used various hydrophobicity 
scales of amino acid residues (see [28] for review). For both 
toxin families the hydrophilic ontacts usually appear between 
sequential residues and close to the ends of antiparallel ]7- 
structure (near the turns). For sequentially distant residues 
hydrophilic ontacts are not so frequent as the hydrophobic 
ones (see Fig. 1). The hydrophobic contacts between side chains 
are frequent both for sequential residues and the residues form- 
ing]7-strands, and also for hydrophobic core of the toxins, from 
which three loops are extended (see Fig. 4). MHP maps are very 
similar for all toxins (Fig. l shows maps only for NTI I  and 
2CCX). 
The contributions (Cphii, Cphob and Cunfav) of amino acid res- 
idues to the structure holding via hydrophobic and hydrophilic 
interactions are shown in Fig. 2. It could be seen that side 
chains contribute to hydrophobic ontacts approximately ten 
times more than to the hydrophilic ones. Most of the residues 
revealing the largest contributions to the hydrophobic interac- 
tions are conserved in toxin sequences (filled circles and trian- 
gles on Fig. 2). In addition, there is a good correlation between 
contributions of conservative residues to structure holding 
within each family of neurotoxins and cardiotoxins (data not 
shown). The values of Cu,fav (Fig. 2) reflect participation of the 
residues in unfavourable hydrophobic-hydrophilic contacts. 
Usually, the strongest unfavourable contacts in short neurotox- 
ins and cardiotoxins are caused by the variable amino acid 
residue(s). For example, 1NEA has less unfavourable contacts 
then NTII. Compariso~ of their contact maps reveals that such 
contacts in NTI I  are caused by the presence of arginins instead 
of Thr-62 and Lys-65 in 1NEA sequence (numbering as in Fig. 
3). Also, His-6 in 1NTX, 3EBX and 1FRA, and His-26 in 3EBX 
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Fig. 3. Sequence alignment of neurotoxins and cardiotoxins. The conserved residues within each family are closed into boxes. 'Structural' residues 
are gray-shaded, the signs below reflect involvement ofthe residue in hydrophobic (+) or hydrophilic (-) interactions. 'Versatile' residues are marked 
(#). 'Functional' residues are shown with inverted colours. Black bars indicate fl-structural regions for both families. Arrows in the middle show the 
'functional' residues, common for each family, while the 'structural' residues are labelled with double arrows. 
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Fig. 4. The MHP-based 'structural' framework of toxins: disposition of amino acid residues determining the common spatial fold for cardiotoxins 
and neurotoxins, fl-structural regions are shown with ribbons. 
and 1FRA participate in unfavourable hydrophobic-hydro- 
philic contacts and can destabilize spatial structures. Thus sim- 
ple analysis leads to identification of residues which probably 
influence the stability of the structure. It should be also men- 
tioned that some weak unfavourable contacts might be neces- 
sary for creating the energy barriers essential for specificity of 
protein folding. 
Fig. 3 shows the alignment of neurotoxin and cardiotoxin 
sequences, the conserved residues and classification of residues 
according to the role they can play in particular protein. Resi- 
due is considered to be 'structural' (type 'S') if its contribution 
to intramolecular hydrophobic or hydrophilic interactions i
high (see section 2). Residue is considered to be 'functional' 
(type 'F') if it is conserved, but not of type 'S'. Partially solvent- 
exposed hydrophobic residues belonging to the hydrophobic 
clusters are important for structure holding, but as it is energet- 
ically unfavourable for such residues to be exposed to the polar 
environment, hey will tend to be shielded from the solvent. 
Thus such kind of residues may possess the potency for binding 
with hydrophobic surfaces and that is why they are considered 
as a special type of 'versatile' residues (type 'V'). Quasi-con- 
served residues (conserved in a subfamily of homologous mol- 
ecules, for example Lys-15 for neurotoxins) which are not of 
type 'S', can also be 'functional' (type 'F') in the subfamilies of 
proteins, and this can explain small differences in toxin action 
within the family. 
As one can see in Fig. 3, the most of 'S' residues are con- 
served for neurotoxin and cardiotoxin families and also for 
both families. Residues of type 'F '  are almost conservative in
each family, but they are quite different in neurotoxins and 
cardiotoxins (Fig. 3). This fact accords well with the similarity 
of the folding motif for two families of toxins and strong differ- 
ences in their functioning. There is also a good correlation with 
experimentally observed participation of residues 25, 27, 29, 31, 
33, 37, 38, 42 and 53 of neurotoxins in binding with ace- 
tylcholine receptor ([1,29], see also references in [15]), and in- 
volvement of residues 15, 21, 25 and 43 in cardiotoxin's func- 
tioning ([30] and references therein). Recent NMR experiments 
also suggest he interaction of the side chains of hydrophobic 
residues of toxin y in the segments 5-14, 25-35, 39~,6 and 
54-58 with the detergent micelles [31]. This also accords well 
with the predicted in the current study 'versatile' and 'func- 
tional' residues for cardiotoxins. It should be noted that there 
is no available xperimental data about the functional impor- 
tance of some amino acid residues, predicted as 'functional' in 
the current study (see Fig. 3). From Fig. 3 one can also see some 
discrepancies in the roles of residues (for example, for erabu- 
toxin b in crystal, 3EBX, and in solution, 1FRA). This can be 
explained by the high sensitivity of MHP to spatial structure 
and sharp criteria used to define the residue types (see section 
2). The 'structural' residues, common for neurotoxins and car- 
diotoxins, are indicated in Fig. 4. We propose that these resi- 
dues are responsible for the general folding motif, typical for 
the both families of toxins. 
Current approach resembles in some details the other tech- 
niques, based on the analysis of distance maps [32], with one 
main advantage. It can discriminate between hydrophobic and 
hydrophilic intramolecular contacts. As it was shown recently 
[33], such structural features as side-chain to side-chain con- 
tacts and solvent accessibility are not necessary conserved 
among the proteins with similar spatial structures, and more 
general features of a protein structure, such as requirements for 
burial of hydrophobic residues and solvent exposure for the 
polar ones, should be taken into account. The proposed ap- 
proach gives simple formalism for describing such 'general fea- 
tures' as hydrophobic and hydrophilic intramolecular contacts. 
At least in the case of neurotoxins and cardiotoxins the 'general 
features' responsible for the given folding motif are conserved. 
Further analysis is needed to check the conservation of such 
contact patterns inside other families of proteins with similar 
folding. 
In summary, the new approach was proposed for efficient 
identification of 'structural' and 'functional' amino acid resi- 
dues in proteins with known spatial structure. The approach 
166 A.P. Golovanov et al./FEBS Letters 375 (1995) 162-166 
can be used for structure analysis and rational protein engineer- 
ing. 
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